The spatiotemporal regulation of neurotransmitter transporters involves proteins that interact with their intracellular domains. Using a proteomic approach, we identified several proteins that interact with the C terminus of the serotonin transporter (SERT). These included neuronal nitric oxide synthase (nNOS), a PSD-95/ Disc large/ZO-1 (PDZ) domain-containing protein recruited by the atypical PDZ binding motif of SERT. Coexpression of nNOS with SERT in HEK293 cells decreased SERT cell surface localization and 5-hydroxytryptamine (5-HT) uptake. These effects were absent in cells transfected with SERT mutated in its PDZ motif to prevent physical association with nNOS, and 5-HT uptake was unaffected by activation or inhibition of nNOS enzymatic activity. 5-HT uptake into brain synaptosomes was increased in both nNOS-deficient and wild-type mice i.v. injected with a membrane-permeant peptidyl mimetic of SERT C terminus, which disrupted interaction between SERT and nNOS, suggesting that nNOS reduces SERT activity in vivo. Furthermore, treating cultured mesencephalic neurons with the mimetic peptide similarly increased 5-HT uptake. Reciprocally, indicating that 5-HT uptake stimulates nNOS activity, NO production was enhanced on exposure of cells cotransfected with nNOS and SERT to 5-HT. This effect was abolished by 5-HT uptake inhibitors and absent in cells expressing SERT mutated in its PDZ motif. In conclusion, physical association between nNOS and SERT provides a molecular substrate for their reciprocal functional modulation. In addition to showing that nNOS controls cell surface localization of SERT, these findings provide evidence for regulation of cellular signaling (NO production) by a substrate-carrying transporter.
The spatiotemporal regulation of neurotransmitter transporters involves proteins that interact with their intracellular domains. Using a proteomic approach, we identified several proteins that interact with the C terminus of the serotonin transporter (SERT). These included neuronal nitric oxide synthase (nNOS), a PSD-95/ Disc large/ZO-1 (PDZ) domain-containing protein recruited by the atypical PDZ binding motif of SERT. Coexpression of nNOS with SERT in HEK293 cells decreased SERT cell surface localization and 5-hydroxytryptamine (5-HT) uptake. These effects were absent in cells transfected with SERT mutated in its PDZ motif to prevent physical association with nNOS, and 5-HT uptake was unaffected by activation or inhibition of nNOS enzymatic activity. 5-HT uptake into brain synaptosomes was increased in both nNOS-deficient and wild-type mice i.v. injected with a membrane-permeant peptidyl mimetic of SERT C terminus, which disrupted interaction between SERT and nNOS, suggesting that nNOS reduces SERT activity in vivo. Furthermore, treating cultured mesencephalic neurons with the mimetic peptide similarly increased 5-HT uptake. Reciprocally, indicating that 5-HT uptake stimulates nNOS activity, NO production was enhanced on exposure of cells cotransfected with nNOS and SERT to 5-HT. This effect was abolished by 5-HT uptake inhibitors and absent in cells expressing SERT mutated in its PDZ motif. In conclusion, physical association between nNOS and SERT provides a molecular substrate for their reciprocal functional modulation. In addition to showing that nNOS controls cell surface localization of SERT, these findings provide evidence for regulation of cellular signaling (NO production) by a substrate-carrying transporter.
PDZ ͉ proteomic ͉ serotonin uptake S erotonin plays a major role in the regulation of mood, cognition, and motor behavior, and a disruption of serotonergic transmission is implicated in several pathophysiological states, including affective disorders. The activity of serotonergic pathways is critically regulated by the reuptake of 5-HT via the plasma membrane serotonin transporter (SERT), a member of the Na ϩ /Cl Ϫ -dependent transporter family (SLC6) (1, 2) . SERT is of major pharmacological and clinical interest inasmuch as it represents the primary target of several widely prescribed antidepressants, including the selective [5-hydroxytryptamine (5-HT)] reuptake inhibitors, citalopram and paroxetine (2) (3) (4) . Moreover, altered SERT expression or function has been suggested not only in depression, but also in anxious and obsessive-compulsive states, disorders that can likewise be improved by treatment with selective 5-HT reuptake inhibitors (4) (5) (6) .
Over the last 10 years, it has become evident that monoaminergic and other classes of plasma membrane transporters are not isolated proteins ''floating'' within the plasma membrane, but rather are components of protein complexes. These generally incorporate an oligomer (possibly formed of dimers) of the transporter that is physically associated with several intracellular proteins modulating its localization, trafficking, and function (1, (7) (8) (9) . Several SERT-interacting proteins have already been identified principally by use of yeast two-hybrid screens. These include the SNARE protein, syntaxin 1A (10, 11) , and secretory carrier membrane protein 2 (SCAMP2) (12) , all of which associate to the N-terminal domain of SERT. In addition, SERT also complexes with the LIM domain adaptor protein, Hic-5 (13), the phosphatase 2A catalytic subunit, and ␣-synuclein, which is highly expressed in the nerve terminals of many brain regions (14) . The binding site of these three proteins in the SERT sequence has not been identified. The C terminus of SERT also associates with PICK1 (15) and MacMARCKS, two protein kinase C substrates and/or anchoring proteins (16) , but the functional significance of these interactions remains unknown. PICK1 belongs to the PSD-95/Disc large/ZO-1 (PDZ) domaincontaining family of proteins. These are indispensable scaffolding components of multiprotein complexes that permit the compartmentalization and trafficking of diverse transporters, ion channels, and membrane-bound receptors (17) . PICK1 contains a single PDZ domain at its N terminus that binds with a low selectivity to PDZ binding motifs located at the extreme C termini of numerous synaptic proteins (18) . We hypothesized, thus, that the C-terminal sequence of SERT (NAV) may be a nonclassical PDZ binding motif capable of interacting with additional PDZ proteins.
This possibility was explored by use of a proteomic approach based on peptide-affinity chromatography, which allowed for the identification of four novel protein interactions with the Cterminal domain of SERT: two PDZ proteins, neuronal nitric oxide synthase (nNOS) and channel-interacting PDZ protein (CIPP), and two proteins of the coat complex II (COPII), Sec23A and Sec24C (19) . Because NO has been implicated in the control of mood and in the etiology of depressive states (4), and because the activity of SERT can be modulated by the NOcGMP pathway (20, 21) , we subsequently focused on the potential functional consequences of the physical association between SERT and nNOS.
Results
The SERT C Terminus Associates with PDZ Proteins and Subunits of the COPII Coat Complex. To identify proteins that interact with the putative PDZ binding motif located at the extreme C terminus of SERT, we used a proteomic approach that has already proved efficiency and sensitivity for characterizing specific PDZ binding partners of serotonin receptors (22) . This approach was based on peptide-affinity chromatography by using a synthetic peptide encompassing the 15 C-terminal amino acids of SERT as bait, followed by separation of affinity-purified proteins by 2D electrophoresis. To specifically identify PDZ proteins that bind to the SERT C terminus, we carried out differential analyses of gels obtained with the SERT C-terminal peptide (SERT-NAV Ct) and a peptide in which the C-terminal valine, which is critical for interaction with target PDZ proteins (17) , was substituted by a hydrophilic residue (SERT-NAE Ct). Two trains of spots detectable in gels obtained with the SERT-NAV Ct peptide were absent in both gels obtained with the SERT-NAE Ct peptide and control gels obtained after incubating brain extracts with beads not coupled to the peptides (Fig. 1A) . These proteins were identified by MALDI-TOF MS as nNOS (or NOS-1), the only one of the three NOS isoforms that possesses a PDZ domain at its N terminus (23) , and InaD-like protein [also designated as a CIPP; see supporting information (SI) Table 1 ]. The latter protein contains four PDZ domains and was previously identified as a binding partner of Kir4.0 potassium channel family members, N-methyl-D-aspartate receptor NR2 subunits, neurexins, neuroligins, acid-sensing ionic channels, and the 5-HT 2A receptor (22, 24, 25) . Specific binding of these proteins to the C-terminal peptide of SERT but not to the modified peptide was confirmed by immunoblotting (Fig. 1B) . Comparing the 2D protein pattern of gels obtained with the SERT-NAV Ct peptide and control gels indicated that the SERT C terminus also recruited two components of the COPII coat complex involved in protein export from the endoplasmic reticulum to either the endoplasmic reticulum-Golgi intermediate compartment or the Golgi complex: namely, Sec24C, one of the cargo-binding subunits of COPII; and Sec23A, one of the Sec23 subunits that, together with the Sec24 subunits, forms the membrane-proximal layer of the complex (19) . Both Sec24C and Sec23A bound more weakly to the SERT-NAE Ct peptide, compared with the SERT-NAV Ct peptide (Fig. 1) , indicating that the extreme C terminus of SERT contributes to the recruitment of the COPII coat complex.
PICK1 was not detected in our proteomic screen. Further, although immunoblotting experiments indicated that the Cterminal peptide of SERT did indeed recruit PICK1, consistent with previous findings (15) , this interaction was weaker than the interaction between PICK1 and a dopamine transporter (DAT) C-terminal peptide (Fig. 1B) . In contrast, we observed a much stronger association between nNOS or CIPP and the SERT C terminus, compared with the DAT C terminus (Fig. 1B) .
Physical Interaction of nNOS with SERT Inhibits 5-HT Uptake in HEK293
Cells. To investigate the consequence of the SERT/nNOS interaction on SERT function, HEK293 cells were transiently transfected with YFP-tagged SERT and nNOS. nNOS could be coimmunoprecipitated with a YFP antibody (see SI Fig. 5 ), indicative of an interaction between SERT and nNOS in cotransfected cells. In HEK293 cells coexpressing nNOS and SERT, maximal 5-HT uptake was decreased (Ϫ34 Ϯ 3%, n ϭ 4), compared with cells transfected with SERT alone (Fig. 2A) . nNOS overexpression also induced a slight, but not significant, increase in the apparent affinity of SERT for 5-HT transport (K m ϭ 1.9 Ϯ 0.5 M in cells coexpressing SERT and nNOS vs. 3.0 Ϯ 0.8 M for cells transfected with SERT alone; n ϭ 4, P Ͼ 0.05). In contrast, coexpression of nNOS with DAT in HEK293 cells did not alter dopamine uptake, consistent with the much weaker interaction between nNOS and DAT, compared with nNOS/SERT interaction (see SI Fig. 6 ). The inhibitory influence of nNOS on SERT did not depend on the catalytic activity of nNOS. Thus, neither A23187-mediated Ca 2ϩ entry that activated nNOS in transfected HEK293 cells (as assessed by cGMP production) nor N -nitro-L-arginine methyl ester (L-NAME), an nNOS inhibitor that prevented A23187-induced NO production, modified the effect of nNOS coexpression on 5-HT uptake ( Fig. 2 B and C) . Rather, the reduction of 5-HT uptake measured in cells coexpressing SERT and nNOS reflected a physical association between both proteins because it was undetectable in cells expressing a mutant SERT (C-terminal valine mutated into glutamate) incapable of interacting with nNOS ( Fig. 2D) .
Coexpression of nNOS with SERT in HEK293 cells did not alter whole-cell SERT expression (Fig. 2E) . However, biotinylation experiments indicated that the amount of SERT at the cell surface (biotinylated) was significantly decreased (Ϫ45 Ϯ 4%, n ϭ 3, P Ͻ 0.01) in cells coexpressing nNOS and SERT, compared with cells transfected with SERT alone (Fig. 2E ). Correspondingly, there was an increase in intracellular SERT (not biotinylated) in cells coexpressing nNOS and SERT, com- We next determined whether the decreased localization of SERT at the surface of cells cotransfected with nNOS resulted from an increase in its internalization rate. Cells were exposed to Sulfo-NHS-SS-biotin for 30 min at 4°C and then incubated for an additional 90-min period at 37°C to allow biotinylated SERT internalization. The remaining cell surface biotin was quenched by using the nonpermeant sulfhydryl reagent 2-mercaptoethanesulfonic acid (MESNA). As shown in Fig. 2F , the amount of internalized SERT (biotinylated SERT resistant to MESNA reduction) was lower in cells coexpressing SERT and nNOS, compared with cells only transfected with SERT. Note that the decrease in internalized SERT measured in cells coexpressing nNOS was of similar magnitude as the reduction of cell surface SERT (compare Fig. 2 E and F) . Accordingly, we concluded that the reduction of the density of plasma membrane SERT in cells coexpressing nNOS did not result from an increase in its internalization rate, but rather from an inhibition of its export to the plasma membrane.
The Interaction Between nNOS and SERT Reduces 5-HT Uptake in
Mouse Brain. To determine whether the activity of SERT is modulated by nNOS within the mouse brain, we compared the velocity of 5-HT uptake in synaptosomes from wild-type (WT) and nNOS-deficient (nNOS ⌬/⌬ ) mice. As shown in Fig. 3A , maximal 5-HT transport was significantly enhanced in synapto- 
⌬/⌬ and WT mice, respectively; n ϭ 4, P Ͻ 0.05). In contrast, there was no significant change in the affinity of SERT for 5-HT (K m ϭ 53 Ϯ 11 and 76 Ϯ 21 nM for nNOS ⌬/⌬ and WT mice, respectively; P Ͼ 0.05). Note that the apparent SERT affinity for 5-HT transport was higher in mouse brain synaptosomes than that measured in transfected HEK-293 cells, consistent with previous reports (26, 27) . The increased 5-HT uptake measured in synaptosomes from nNOS ⌬/⌬ mice was probably not related to the lack of NO synthesis. Accordingly, treating synaptosomes with S-nitroso-N-acetyl penicillamine, an NO-releasing compound, did not alter synaptosomal 5-HT uptake (see SI Fig. 9 ).
In line with the increase in the maximal velocity of cerebral 5-HT transport in nNOS ⌬/⌬ mice, immunoblotting experiments revealed an increase of SERT in the plasma membrane-enriched fraction from the nNOS ⌬/⌬ mouse brain, compared with WT mice, whereas whole-brain SERT expression was not modified by nNOS gene inactivation (Fig. 3B) Fig. 8B ). By contrast, no significant change in the affinity of SERT for [ 3 H]citalopram was observed between nNOS ⌬/⌬ and WT mice (K D ϭ 0.84 Ϯ 0.14 and 0.63 Ϯ 0.12 nM, respectively; n ϭ 4, P Ͼ 0.05). These results suggest that native nNOS may diminish the cell surface localization of SERT in the brain and, correspondingly, reduce 5-HT reuptake.
We next investigated whether the inhibition of cerebral SERT activity by nNOS reflected their physical association by use of a peptide comprising the nine C-terminal residues of SERT to competitively occlude the interaction of the SERT C terminus with nNOS. The peptide was N-terminally fused to the transduction domain of the Tat protein from the HIV type 1 (TAT-SERT) to permit its intracellular delivery (28) . Pull-down experiments showed that the TAT-SERT peptide disrupted the association of SERT with nNOS in vitro, whereas a peptide in which the C-terminal valine was substituted by glutamate (TAT-SERTNAE) did not prevent this interaction (see SI Fig. 5A ). Several lines of evidence indicated that the TAT-SERT peptide, but not the TAT-SERTNAE peptide, also efficiently prevented interaction between SERT and nNOS in living cells. Treatment of HEK293 cells coexpressing SERT and nNOS with TAT-SERT strongly decreased the amount of nNOS coimmunoprecipitated with SERT. Moreover, this treatment induced a redistribution of SERT to the plasma membrane, similar to that observed in cells only expressing SERT, whereas TAT-SERTNAE did not modify cellular distribution of SERT (see SI  Fig. 5 ). Thus, TAT-SERTNAE was used as control in further experiments.
Adult mice (25 g) were i.v. injected twice with a 500-g dose of TAT-SERT, TAT-SERTNAE, or saline. The two consecutive injections were separated by a 90-min interval, and experiments were performed 90 min after the second injection. i.v. injection of biotinylated TAT-SERT resulted in strong avidin labeling in all brain regions, including the raphe nuclei, and in SERTpositive neurons (Fig. 3C and SI Fig. 10) , consistent with the reported efficiency of TAT-fused peptides to enter the brain following systemic administration (28) . The 3-h pretreatment with the TAT-SERT peptide significantly increased maximal 5-HT uptake into synaptosome, compared with saline (28 Ϯ 7%; n ϭ 4, P Ͻ 0.05), whereas TAT-SERTNAE was inactive (Fig.  3D ). These observations are reminiscent of the increased 5-HT uptake seen in synaptosomes from nNOS ⌬/⌬ vs. WT mice and indicate that the inhibitory influence of nNOS on 5-HT reflects its physical interaction with SERT. Consistently, treating mesencephalic neuron cultures, which contain Ϸ5% of SERT/ nNOS-positive neurons, with TAT-SERT (10 M, 3 h) increased 5-HT uptake by 33 Ϯ 7% (n ϭ 4), whereas TAT-SERTNAE had no effect (Fig. 3E) .
5-HT Uptake by SERT Enhances the Activity of Coexpressed nNOS.
We next examined the possibility that the association of SERT with nNOS would reciprocally modulate the catalytic activity of nNOS. Exposure to 5-HT increased cGMP production in a concentration-dependent manner in HEK293 cells coexpressing nNOS and SERT. In contrast, cGMP production was not affected in cells transfected with nNOS only (Fig. 4A) . Further, 5-HT-mediated cGMP production was inhibited by L-NAME (data not shown), indicating that it resulted from activation of nNOS. Consistent with the notion that the activation of nNOS by 5-HT depends on its uptake by SERT, 5-HT-induced cGMP production was abolished in cells treated with the 5-HT reuptake inhibitors citalopram or paroxetine, which did not, in contrast, alter the stimulation of nNOS activity induced by A23187 (Fig.  4B) . Moreover, 5-HT did not influence cGMP production in cells coexpressing nNOS and a SERT mutant incapable of interacting with nNOS (Fig. 4B) . The latter observation indicates that stimulation of nNOS by SERT-mediated 5-HT uptake depends on its physical interaction with nNOS.
nNOS is a Ca 2ϩ -calmodulin (Ca 2ϩ -CaM)-dependent enzyme generally activated by elevations of cytosolic Ca 2ϩ (29) . Nonetheless, 5-HT (10 M, up to 10-min exposure) did not induce a detectable increase in cytosolic Ca 2ϩ concentration in HEK293 cells coexpressing SERT and nNOS, as assessed by Fura-2 Ca 2ϩ imaging (data not shown). However, 5-HT-induced NO production was markedly reduced in cells pretreated with BAPTA-AM (50 M), an intracellular Ca 2ϩ chelator, indicative of an intracellular Ca 2ϩ requirement for nNOS activation by 5-HT uptake (Fig. 4C) . In contrast, chelating intracellular Ca 2ϩ did not inhibit A23187-induced NO production. Both 5-HT-and A23187-mediated NO production in HEK293 cells coexpressing SERT required CaM, but exhibited differential sensitivity to CaM inhibitors, N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide (W7) and calmidazolium. Thus, treating cells with either W7 (10 M) or calmidazolium (5 M) inhibited A23187-induced nNOS activation, but did not alter the response to 5-HT. Only 50 M of W7 or 25 M of calmidazolium prevented 5-HTmediated NO production (Fig. 4C) . Collectively, these results indicate that activation of nNOS physically associated with SERT by 5-HT uptake requires CaM bound to Ca 2ϩ , but does not necessitate a global increase in cytosolic Ca 2ϩ concentration.
Discussion
The homeostasis of serotonergic neurotransmission and the long-term treatment of psychiatric disorders such as depression, impulsive states, and anxiety are intimately related to the spatiotemporal regulation of SERT activity (1). SERT is acutely regulated by various protein kinase and phosphatase-dependent signaling cascades that modulate both its functional activity and internalization (21, 30) , whereas a physical interaction of SERT with intracellular proteins primarily affects its subcellular compartmentalization (8, (12) (13) (14) .
Here, using a proteomic approach, we demonstrated that nNOS, a protein coexpressed with SERT in the majority of dorsal raphe nucleus serotonergic neurons [in cell bodies, axons, and terminals (31)], interacts (directly or indirectly by an intermediate protein partner) with SERT, and that this interaction provides a molecular substrate for a negative modulation of SERT activity by nNOS. Accordingly, an inhibitory influence of nNOS was absent in cells transfected with nNOS and a SERT mutant with which it was unable to interact, whereas the maximal velocity of 5-HT uptake into brain synaptosomes and mesencephalic neurons was enhanced by treatment with a peptidyl mimetic of the transporter C terminus that competitively prohibits interaction between SERT and nNOS. Further, the nNOSmediated inhibition of SERT activity was related to a decrease in transporter cell surface density, reflecting an inhibition of its trafficking to the plasma membrane, rather than an increase in its rate of internalization. This inhibition may result from a competition between nNOS and transport molecules (e.g., proteins of the COPII complex) for interaction with SERT. Accordingly, the C-terminal residue of SERT, which was critical for interaction with nNOS, also contributed to the recruitment of Sec24C and Sec23A, two COPII subunits.
Several lines of evidence support functional interactions among SERT and the nitrergic signaling pathway (4, 20, 21) . Nonetheless, the regulation of SERT activity observed in previous studies depended on the catalytic activity of nNOS and NO production, in contrast to the herein-documented role of physical association in the inhibitory influence of nNOS on SERT function. Notably, the influence of NO signaling on SERT function may depend on the cellular environment, as well as the source and concentration of NO. On the one hand, activation of the NO/cGMP/PKG cascade on the stimulation of A3 adenosine and histamine receptors in a rat basophilic leukemia cell line (RBL-2H3) and human platelets, respectively, resulted in increased 5-HT uptake (20, 21, 32) . On the other hand, NO donors were found to reduce 5-HT reuptake in transfected COS-7 cells by triggering S-nitrosylation of SERT (33) . Conversely, in the transfected HEK293 cells and synaptosomes used here, we did not detect an inhibition of SERT function on NO production. Indeed, A23187, a Ca 2ϩ ionophore that induced NO production in HEK293 cells, did not affect 5-HT reuptake, which was likewise insensitive to the nNOS inhibitor, L-NAME. Moreover, the NO donor, S-nitroso-N-acetyl penicillamine, did not modify the kinetic properties of synaptosomal 5-HT uptake. Finally, the augmentation of cerebral 5-HT uptake observed in nNOSdeficient mice was likely due to the loss of the interaction between SERT and nNOS, rather than the suppression of nNOS catalytic activity. Indeed, inactivation of the gene encoding nNOS elicited an enhancement of synaptosomal 5-HT uptake similar to that obtained following peripheral delivery of a membrane-permeant peptide abrogating the interaction between SERT and nNOS.
Collectively, these data emphasize the complexity of the spatiotemporal regulation of 5-HT reuptake by nitergic mechanisms, involving contrasting modes of control, both dependent on, and independent of, nNOS catalytic activity. These include ''phasic'' modulation mediated by posttranslational modifications (phosphorylation or S-nitrosylation) of SERT by NO and ''tonic'' modulation mediated by an interaction between SERT and nNOS.
The present study also demonstrates that SERT-mediated 5-HT uptake enhances the enzymatic activity of nNOS in cells coexpressing SERT and nNOS, revealing a reciprocal functional interaction between these protein partners. This observation is consistent with previous findings indicating that, on local injection into the hippocampus, selective 5-HT reuptake inhibitors and tricyclic antidepressants diminish the activity of nNOS (4) . Further, it reveals a phenomenon whereby 5-HT can modify cellular signaling not by recruitment of serotonergic receptors, but indirectly by SERT on its reuptake by cells. Interestingly, another type of receptorindependent signaling by 5-HT, termed ''serotonylation,'' was previously reported in platelets. Serotonylation consists in the transamidation of 5-HT to the small GTPases, RhoA and Rab4, leading to ␣-granule exocytosis from platelets (34) .
A physical interaction between SERT and nNOS was a prerequisite for the activation of nNOS on 5-HT uptake. Interestingly, NO production induced by 5-HT uptake was not mediated by an influx of Ca 2ϩ . This process contrasts to the classical mechanism involved in nNOS activation by stimuli known to increase intracellular Ca 2ϩ , including glutamatergic agonists. Nevertheless, nNOS activation on 5-HT uptake was prevented by BAPTA-AM and CaM inhibitors, consistent with the Ca 2ϩ -CaM dependency of the enzyme. One possibility is that 5-HT uptake results in a SERT-mediated allosteric conformational change of nNOS, which increases its affinity for CaM, thereby permitting its interaction with CaM even at low (basal) Ca 2ϩ concentration. Another NOS isoform, endothelial NOS, can similarly be activated in a CaM-dependent manner without requirement of elevation of cytosolic Ca 2ϩ concentration, a process that results from endothelial NOS phosphorylation by the protein kinase Akt (35) .
What might be the significance of an induction of NO release on 5-HT uptake? An activation of nNOS mediated by 5-HT uptake may acutely up-regulate SERT by a PKG-and p38-transduced increase in its phosphorylation state (21) . Conversely, nNOS activation might participate in a negative feedback loop responsible for long-term regulation of SERT activity. In this hypothesis, NO signaling initiated by 5-HT uptake, which is known to enhance the activity of the transcription factor, CREB, will recruit many target genes, including nNOS (36) . According to the present findings, increased nNOS levels would lead to intracellular sequestration of SERT, thereby preventing excessive 5-HT uptake and enhancing 5-HT neurotransmission.
In conclusion, this study demonstrates that the physical association of nNOS with SERT provides a molecular substrate for a reciprocal modulation of their functional activity and reveals an intracellular signaling pathway initiated by 5-HT that does depend on the engagement of serotonergic receptors, but is mediated by its reuptake by SERT. A loss of the inhibitory influence of nNOS on the activity of SERT in serotonergic terminals may conceivably be involved in the pathogenesis of psychiatric disorders, including depressive states (37) and en-hanced aggressiveness and impulsivity, as reported, for instance, in nNOS ⌬/⌬ mice (38) .
Methods
Cell Cultures and Transfection. HEK293 cells grown in Dulbecco's modified Eagle's medium supplemented with 10% dialyzed FCS and antibiotics were transfected by electroporation by using the V nucleofactor kit (Amaxa Biosystems, Gaithersburg, MD). Each transfection sample contained 0.5 g of pEYFP/SERT or pEYFP/SERT-NAE constructs and/or 2 g of pRK5/nNOS plasmid and 10 ϫ 10 6 cells in 100 l of V nucleofactor solution according to the manufacturer's instructions. Experiments were carried out 48 h after transfection. Immunocytochemistry experiments indicated that Ͼ50% of cells were transfected with SERT or with SERT and nNOS, and that 62% of YFP-positive cells coexpressed nNOS (nine fields containing 150 cells originating from three independent cultures counted). No cells were found to be transfected with nNOS only.
Cultured mesencephalic neurons were prepared from 14-dayold Swiss mouse embryos as previously described (39) and were used at 9 days in vitro.
Preparation of Synaptosomes. Brains from WT and nNOS
⌬/⌬ mice were gently homogenized in 10 volumes of ice-cold buffer containing Tris⅐HCl (50 mM, pH 7.4), sucrose (0.32 M), EDTA (0.5 mM), and a mixture of protease inhibitors (Roche Diagnostics, Indianapolis, IN) by using a glass-teflon homogenizer. The homogenates were centrifuged at 1,000 ϫ g for 10 min at 4°C, and the resulting supernatant was centrifuged at 12,500 ϫ g for 20 min. The final pellet (crude synaptosomal fraction) was gently resuspended in Krebs-Ringer bicarbonate medium containing 150 mM NaCl, 4.2 mM KCl, 0.9 mM CaCl 2 , 0.5 mM MgSO 4 , 25 mM NaHCO 3 , 10 mM Hepes (pH 7.4), 5 mM glucose, and the protease inhibitor mixture and saturated with 95% air/5% CO 2 . Protein concentration was determined by using the bicinchoninic acid method.
5-HT Uptake Assays. HEK293 cells grown in 96-well culture dishes were washed in Hepes buffer [150 mM NaCl, 4.2 mM KCl, 0.9 mM CaCl 2 , 0.5 mM MgSO 4 , 5 mM glucose, and 10 mM Hepes (pH 7.4)] and incubated for 10 min at 37°C in Hepes buffer containing 100 M pargyline, 100 M ascorbic acid, and the indicated treatments. 5-HT uptake was initiated by the addition of [ 3 H]5-HT (20 nM) and increasing concentrations of cold 5-HT ranging from 1-30 M. The reaction (10 min at 37°C) was terminated by three washes with ice-cold Hepes buffer, and cells were lysed in 1% SDS. The radioactivity incorporated into cells was determined by scintillation counting. Nonspecific 5-HT uptake was determined in the presence of 10 M of fluoxetine.
For 5-HT uptake into cultured mesencephalic neurons, cultures were pretreated as indicated above, and uptake was initiated by the addition of 100 nM [
3 H]5-HT. Nonspecific 5-HT uptake was determined in the presence of 50 nM fluoxetine.
Synaptosomes (0.5 mg per assay) were preincubated with 100 M of pargyline and 100 M of ascorbic acid in 0.5 ml of Krebs-Ringer bicarbonate buffer for 10 min at 37°C. 5-HT transport assays (10 min at 37°C) were initiated by the addition of Kinetic data were calculated from four independent experiments performed in quadruplicate by using Eadie-Hofstee plots. Data analysis and statistics were carried out by using the Prism 4 software (GraphPad Software, San Diego, CA). The MannWhitney test was applied unless otherwise indicated. P values Ͻ0.05 were considered as significant.
For the other methods used in this study, see SI Materials and Methods. 
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